We established explant primary cultures in order to study the growth and hormone responsiveness, and the differentiation process of prostatic epithelial cells. Cell outgrowth was achieved from explant tissue by using a new DU145-cellconditioned medium and special plastic coverslips. To define the present model, proliferation assays were tested by [ 3 H]thymidine assay and planimetric analysis. Cells were analyzed using immunocytochemistry, light, phase contrast and electron microscopy, polymerase chain reaction, telomerase ELISA and immunoassay (PSA). Morphology and electron microscopy revealed typical epithelial differentiation. Immunocytochemistry showed the content of basal and secretory epithelial cells, endocrine paracrine cells and a high level of proliferation. With increasing culture time, mature epithelial differentiation (PSA) increases and the initial increase of a-smooth muscle actin (a-SMA) decreases again. After further passaging, a-SMA expression is no longer detected and PSA expression decreases. Furthermore, epithelial cells showed both androgen responsiveness and androgen receptor expression. These findings show the presence of epithelial cells in a process of differentiation with endocrine paracrine cells and a high level of proliferation. This model may maintain the cellular and functional properties more closely related to the human prostate and may provide a valuable tool for studying stem cells and differentiation characteristics.
Introduction
Various in vitro systems have been used for the investigation of the biology of the human prostate. A number of prostate cancer cell lines have been established, but lost many of the original tumor cell characteristics and only represented specific subpopulations of cells. [1] [2] [3] [4] [5] [6] Primary cultures of the human prostate have also been used, but they frequently lose their ability to differentiate, and to respond to growth hormones, and their androgen sensitivity. [7] [8] [9] [10] [11] [12] [13] Prostatic growth and differentiation are regulated by reciprocal smooth muscle-epithelial interactions mediated by paracrine signaling molecules. 14, 15 Epithelial cells derived by outgrowing from explants in the presence of different epithelial, neuroendocrine and stromal cell types are under the influence of these smooth muscle-epithelial interactions. For example, stromal-derived conditioned medium, fibroblasts as well as growth factors enhance carcinogenesis in rat and human prostatic carcinoma cells. [15] [16] [17] [18] On the other hand, the differentiation pathway in the prostate is still unclear. There have been studies suggesting that basal and secretory cells both are self-replicating cells. 19, 20 Others even propose a stem cell population in the basal cells that give rise to secretory luminal cells. [21] [22] [23] Previously, organ cultures of the human prostate 24 and the ventral rat prostate 25, 26 have been successfully established. However, most primary cultures of the prostate epithelial cells are a selected and undifferentiated population of rapidly proliferating basal cells. Hence, the goal of this study was to establish a culture model derived from explant primary culture that maintained many of the functions of human prostate cells and provided a physiological environment for growth and studies on differentiation characteristics. By using a specific plastic surface and a DU145-cell-conditioned medium in the present culture system, growth and differentiation may be preserved more closely related to the in vivo conditions.
Material and methods

Acquisition of prostate tissue
Human prostate tissues were obtained from 64 patients undergoing radical prostatectomy and one patient having a simple prostatectomy. The prostate was transported within 5 min after surgery to the frozen section laboratory. Samples for culturing were obtained from the peripheral and transitional zones. Frozen sections of both the cultured tissue and adjacent areas were stained with hematoxylin and eosin to determine the presence of cancer. The present study was performed on human prostate tissues derived by radical prostatectomy from 14 of these patients and from the one simple prostatectomy. Two pathologists diagnosed all prostate tissues. Histological evaluation revealed benign prostate hyperplasia in three, normal prostate tissue in seven and prostate cancer in five.
Cell culture
Samples of 1-3 mm 3 were cut from the tissue containing both stroma and epithelium. The explants were placed on Thermanox (Nalgene Nunc International, Rochester, NY, USA) coverslips in 24-well tissue culture plates and cultured in a volume of 0.3 ml DU145-cell-conditioned culture medium each in a humidified atmosphere of 5% CO 2 -95% air. The initial culture medium used for the explants was a 1 : 1 mixture of RPMI-1640 (RPMI) with 10% fetal bovine serum (FBS) and media from subconfluent cultured DU145 cells in RPMI with 10% FBS. The media were supplemented with 1% insulin, transferrin, selenium (ITS) and penicillin and streptomycin. The DU145-cell-conditioned medium was collected from subconfluent DU145 cells, filtered, frozen and thawed twice, and then sterile filtered to remove any contaminates. After 3 days, an additional 0.2 ml culture medium was carefully applied. Explants were then fed every 2 days. After the cells reached 100% confluency, they were replated and maintained in keratinocyte serum-free medium (KSFM) (Life Technologies, Grand Island, NY, USA) supplemented with EGF, FGF-1 and insulin. 3 H]thymidine was added for a final concentration of 1.0 mCi/ml/well for the last 24 h. Cells were then harvested, precipitated with 0.5 ml cold 10% trichloroacetic acid for 10 min at 41C, washed with phosphate-buffered saline (PBS) and then solubilized in 0.4 ml of 0.1 N NaOH. Finally, 0.4 ml of 0.1 N HCl was added to neutralize the pH and samples were counted in a Beckman scintillation counter (Beckman Instruments, Fullerton, CA, USA). Values were expressed as counts per min/well (CPM). To test the effect of DU145-cellconditioned medium on DNA synthesis in epithelial cells other than prostate, three bladder epithelial cell lines MGH-U1, MGH-U3 and MGH-U4 were utilized in the above experiments.
Telomerase polymerase chain reaction (PCR) ELISA
As one way to identify cancer cells, telomerase activity was investigated in MGH-U1, DU145, LNCaP cell lines as well as in the prostate epithelial culture cells. The samples were processed using the telomerase PCR ELISA kit following the telomeric repeat amplification protocol from Boehringer Mannheim (Indianapolis, IN, USA).
Morphometric measurements of cell outgrowth using planimetric analyzer
Explants of 1-3 mm 3 were cut from the tissue and placed on coverslips in 24-well tissue culture plates. They were fed 0.3 ml RPMI-FBS medium with 1% ITS in the presence and absence of DU145-cell-conditioned medium in a humidified atmosphere of 5% CO 2 -95% air. Outgrowth started during the first 5 days. Outlines of outgrowth were marked at the bottom of each well every 2 days. Pictures were taken with an Olympus camera at a final magnification of Â 40 and the areas measured by a planimetric analyzer. Eight outgrowths were measured each time and experiments were performed in triplicate. 
Immunoassay of prostate-specific antigen
Culture media were collected at week 4 from epithelial cells maintained in the same medium for 4 days. The samples were kept at 41C. Prostate-specific antigen (PSA) was determined using the AxSYM PSA assay kit (Abbott Laboratories, Abbott Park, IL, USA) performed according to the manufacturer's instructions. 
Androgen receptor reverse transcription-PCR
Total RNA was extracted from epithelial cells treated as above with a single-step isolation method. 27 Specific oligonucleotide primers were designed based on published sequences of human androgen receptor. 28 The 24-nucleotide sense primer had the following sequence 5 0 -GCATGGTGAGCAGAGTGCCCTATC-3 0 and the 23-nucleotide antisense primer 5 0 -TCCCAGAGT CATCCCTGCTTCAT-3 0 . The predicted size of the AR mRNA using these primers was 365 bp. In order to amplify the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) complimentary DNA as an internal standard for PCR, a 5 primer was designed as follows: 5 0 -TGAAGGTCGGAGTCAACGGATTTGGGT-3 0 and a 3 primer as 5 0 -CATGTGGGCCATGAGGTCCACCAC-3 0 . The predicted size of the G3PDH mRNA was 983 bp; cDNA was synthesized and a PCR cocktail used according to the Clonetech (Palo Alto, CA, USA) procedure. A total of 40 cycles of 941C for 1 min, 551C for 1 min, 721C for 1 min were conducted with a final extension of 10 min at 721C. PCR products as well as a 100 bp ladder molecular weight marker (Life Technologies) were electrophoresed on a 1.5% agarose (Seakem, Rockland, ME, USA) gel stained with 0.5 mg/ml ethidium bromide and then photographed on an ultraviolet transilluminator. Positive and negative controls were used to confirm the PCR product size.
Microscopic observations
Epithelial cells from explant tissue and passage 1 were observed with an inverted phase contrast microscope. Phase microscopic observations of live epithelial cells from passage 1 in serum-free and serum-containing media were performed and pictures were taken after an incubation period of 4 days. Microscopic photographs and phase contrast photomicrographs were taken with an Olympus camera.
Electron microscopy
Cultured epithelial cells on coverslips were rinsed in PBS, fixed in 4% glutaraldehyde, postfixed in 2% osmium tetroxide, dehydrated in a graded ethanol series and embedded by inversion of beem capsules containing Epon 812 (Tonsimis, Rockville, MD, USA). Samples were cut into 60-90 nm thin sections and stained using the uranyl acetate-lead citrate method. 29 Afterwards, sections were viewed with an electron microscope (Model CM10, Philips, Inc., Eindhoven, Netherlands).
Statistical methods
All data were expressed as the mean7standard deviation from triplicate or quadruplicate determinations for each experiment. Each experiment was repeated at least three times. From December 1996 to July 1998, we succeeded in culturing 8000 explants from 64 prostate specimens from radical and simple prostatectomies. These specimens were grown in 24-well plates over coverslips. Primary outgrowth was defined as growth reaching 100% confluence of the coverslip. Outgrowth started after 3-4 days from the explant tissue and was successful in 100%. Epithelial cells outgrowing from tissue were polyhedral in shape and adhered to each other with some intercellular spaces (Figure 1a ). Coverslips were totally confluent after 2-3 weeks. After replating to passage 1, cells formed colonies with the cells being in loose contact and dispersed throughout the coverslip (Figure 1b) .
Electron microscopic evaluation revealed typical epithelial morphology. Cells showed microvilli, tonofibrils, tight junctions and secretory vesicles consistent with epithelial differentiation. Further on, separate cells showed microfilaments typical for myoepithelial differentiation, which disappeared with increasing culture time and the first passage ( Figure 2 ). Evaluation of telomerase activity showed a positive result in LNCaP, MGH-U1, DU145 cell lines with 0.8, 0.6 and 0.3 U as well as one culture derived from prostate cancer tissue with 0.4 U. Three other cultures from normal prostate tissues revealed no detectable telomerase activity.
Response of epithelial cells to serum-free and serum-containing media
To define the right growth medium, proliferation studies were conducted on various media and supplements. KSFM supplemented with EGF, FGF-1, insulin and 10% FBS showed a high stimulation of DNA synthesis (Figure 3) . KSFM in the presence or absence of supplements showed half the stimulation of epithelial cells when compared with the inclusion of 10% FBS; still sufficient growth was achieved. RPM with ITS and 10% FBS achieved a high stimulation as well. RPMI supplemented with 10% cFBS alone showed the lowest CPM in To test changes in morphology after incubation in different media, prostatic epithelial cells were grown in serum-free and serum-containing media with and without well-defined supplements of EGF, FGF-1 and insulin (Figure 4 ). Epithelial cells incubated in KSFM with supplements and 10% cFBS formed compact characteristic colonies with adherent cells in close contact with each other and typical polyhedral shape. Cells grown in RPMI with 10% cFBS or RPMI with 10% FBS and ITS, however, showed more cells with elongated shape but compact colonies as well. Epithelial cells expanded in KSFM in the presence or absence of supplements showed typical polyhedral shape and grew in loose contact with intercellular spaces. In the presence of supplements, cells were more flattened and better attached.
Effect of DU145-cell-conditioned medium on epithelial cells
In order to measure the effect of the DU145-conditioned medium used at the initial culture medium on our prostate epithelial outgrowths, a comparison of basal medium with and without the DU145-cell-conditioned medium was performed on the explant tissue specimens. A planimetric analysis was performed, which indicated a significant increase (Po0.05) in outgrowth from the explant tissue in the DU145-cell-conditioned-mediumtreated group tested at days 7, 9 and 11 ( Figure 5 ).
In addition, the thymidine assay was used to compare the basal medium to medium without DU145-cell conditioning. There was a 134% increase (Po0.05) in DNA synthesis in the presence of DU145-cell-conditioned medium ( Figure 6 ). To test the effect of DU145-cell-conditioned medium on DNA synthesis in other epithelial cells, three bladder epithelial cell lines MGH-U1 (grade 3 carcinoma), MGH-U3 (grade 1 carcinoma) and MGH-U4 (atypia) were used in the experiments as above ( Figure 7 ). All bladder cell lines showed growth response to DU145-cell-conditioned medium with a significant increase in MGH-U1 and U-3.
Immunocytochemical characterization of human prostatic epithelial cells and immunoassay of PSA
To further characterize these cultured cells, we investigated the expression of different epithelial, mesenchymal and proliferation markers at different intervals in passage 0 (Table 1 and Figure 8 ). There was a significant increase (Po0.0001) in PSA expression after 2,4 and 6 
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Epithelial culture cells were also treated with different concentrations of DHT (0.01-10 nM). DHT of 10 nM (Po0.05) and 1 nM caused a maximum stimulatory effect in cell proliferation (Figure 11 ).
Discussion
The development of a culture model resembling the functional and morphological characteristics of the human prostate in vivo presents a major challenge. In this Other explant culture systems to study the growth of epithelial cells have been used earlier. 11, 13, [30] [31] [32] With the development of cell dissociation techniques and the commercial availability of independent cell lines, the study of separate cells and their functions has been favored in recent years. Dissociation techniques, however, result in the loss of the differentiation, which may be difficult to reverse. With the development of the Epithelial culture cells of the human prostate B Planz et al culture model presented here, the maintenance of many of the functional and morphological properties, as in the human prostate, will allow for the study of epithelial and stromal cells separately or in coculture.
To maintain as many of the in vivo conditions of the human prostate, as possible, the right medium for cell outgrowth and plating surfaces had to be defined. First, we used a culture medium of RPMI 10% FBS supplemented with DU145-cell-conditioned medium. In the presence of DU145-cell-conditioned medium, DNA synthesis determined by [ 3 H] thymidine assay and outgrowth measured by planimetric analysis both increased significantly (Po0.05). DU145-cell-conditioned medium contains a high amount of mitogenic substances, and DU145 cells are known to grow fast and express these factors. [33] [34] [35] [36] [37] Therefore, culture cells derived from explants and treated by this medium may help to maintain cellular and functional properties of human prostate cells. The presence of ITS combination increased the mitogenic potency determined by [ 3 H]thymidine uptake and has been reported by others. 12, 38, 39 The supplementation of keratinocyte serum-free medium with EGF, FGF-1 and insulin increased DNA synthesis as well. The mitogenic effects of insulin, EGF and cholera toxin have been reported in normal rat prostate epithelial cells and primary cell culture. 40 Insulin maintains epithelial differentiation in explant culture of the human prostate. 22 Therefore, the medium recommended for Epithelial culture cells of the human prostate B Planz et al maintenance of epithelial culture cells after subcultivation was KSFM supplemented with EGF, FGF-1 and insulin. Secondly, to improve plating efficiency plastic Thermanox coverslips were used. These coverslips allow direct immunocytochemical staining without detachment and the same coverslips can be used for coculture experiments.
The human prostate consists of fibromuscular stroma and epithelium. We recently showed that stromal cells obtained from explant culture express smooth muscle actin, vimentin and prolyl-4-hydroxylase showing typical fibromuscular differentiation. 41 Epithelial cells obtained from explant culture showed typical epithelial differentiation. In the beginning, SMA was expressed in a certain number of cells. The number of cells positive for SMA increased significantly from 42.3 to 85.9% at 2 and 4 weeks respectively, but decreased to 21.8% after 6 weeks and was no longer detected in further passages. In the human prostate, smooth muscle cells surround prostatic glandular epithelium. Owing to abundant ARs in smooth muscle cells and their close proximity to the prostatic epithelium, it is more correctly a smooth muscle-toepithelial cell than a stromal-to-epithelial cell interaction. Urogenital sinus mesenchyme (UGM) induces epithelial differentiation and proliferation; prostatic epithelium in turn induces smooth muscle differentiation in UGM. 42, 43 The content of myoepithelial cells is well known in breast but not in the human prostate. 44 Recently, Bonkhoff and Remberger 21 reported the temporary expression of smooth muscle elements by basal cells in the human prostate during the differentiation process of basal cells towards secretory luminal cells via intermediate phenotypes. In the present in vitro culture, some epithelial cells may gain smooth muscle elements as well during extended culture and loose this capability with the first passage. The influence of substances expressed in DU145 cells on the phenotype of prostatic cells has also been postulated [33] [34] [35] [36] [37] and may be one factor responsible for the differentiation process in the present in vitro culture.
Recently, the prostatic epithelium has been shown to consist of secretory luminal, basal and endocrine paracrine cells. 21 Secretory luminal cells from the upper layer express specific cytokeratins such as 8, 18 and 19. 45, 46 Basal cells are in close contact with the stroma, separated by the basal lamina, and expresses high-molecularweight cytokeratins such as 14 and 15. 47 31 reported outgrowth of basal cells from explant primary culture. As shown in his morphological studies, the maturing culture formed a multilayered outgrowth with the top cells beginning to differentiate. 31 In our present study, with increasing time of cultivation, cells started forming acinar structures. PSA expression, preferentially expressed by secretory cells, was found in 2, 22.3 and 92.2% at weeks 2, 4 and 6, respectively, indicating a high process of differentiation. Vimentin is believed to be a mesenchymal marker, but as reported by us 41 and others, 48, 49 it is nonspecific and also expressed by epithelial cells. The number of cells positive for Ki67, a proliferation marker, were expressed in more than 90%, indicative of a high degree of cell proliferation. In the normal and hvperplasic prostate, 70% of proliferating epithelial cells are basal cells. 23 We interpret the high number of proliferating cells as a result of a high number of androgen-responsive cells in the proliferative compartment and due to the presence of the explant tissue Endocrine paracrine cells are believed to be the third epithelial cell type. It has been suggested that prostate endocrine paracrine cells originate from basal cells. 21, 50 There were no chromogranin A positive cells detected in culture cells at weeks 2 and 4, and only rare single cells were positive in week 6. This may indicate that prostatic endocrine paracrine cells are postmitotic cells and terminally differentiated and originate from basal or secretory epithelial cells. As was reported recently in a stem cell model, 21, 51 we believe that the cells in our model are also always undergoing a differentiation process from basal cells to secretory luminal cells via intermediate phenotypes. The initial outgrowth is believed to be due to proliferation and migration of basal cells as supported by previous studies. 21, 31 Cells in the intermediate stage may express both basal and secretory cell markers. Both basal and secretory epithelial cells interact with each other and the stroma by signaling molecules and different hormones like androgen and estrogen. Androgen treatment with 10 nM DHT caused a significant increase in DNA synthesis of culture cells tested here. No growth has been shown in AR-negative DU145 cells indicating that ARs are required for androgen response. Nevertheless, interpretation of these data has to be done with caution, because some epithelial cells derived from cancerous tissue did not react to DHT.
Immunohistochemical studies showed AR expression equally distributed in secretory luminal cells of the normal and hyperplasic human prostate specimens. [52] [53] [54] Nevertheless, recent studies revealed AR expression present in single basal cells. 52, 55 Cultured epithelial cells studied here showed AR gene expression. Androgensensitive basal cells may be responsible for inducing differentiation via intermediate phenotypes towards secretory cells. Epithelial cells responded to different concentrations of androgen by inducing DNA synthesis. Therefore, we believe that androgen and AR downstream effects induce intermediate phenotypes of differentiation seen in epithelial cell outgrowth from explants.
For that reason, we believe that epithelial culture cells described in this model undergo a specific differentiation pathway similar to the human prostate. In this pathway, some basal cells may express PSA and SMA while they differentiate, but ultimately, the cells lose this capability and smooth muscle-specific antigen expression is no longer detected and PSA decreases. Epithelial cells may need muscular elements during their differentiation from basal to secretory luminal cells via intermediate phenotypes.
Conclusions
Normal growth of the human prostate is controlled by an interaction of androgens and estrogens as well as epithelial and stromal derived growth factors or signaling molecules. The present model shows the presence of epithelial cells in a process of differentiation and the maintenance of multiple cellular and functional properties similar to the human prostate. Specific pathways of differentiation and interaction of these factors as well as the role of stem cells may be investigated using the present model.
